Objective: To study the contribution of plant enzyme and microbial activities on protein degradation in silage, this study evaluated the nitrogen transformation dynamics during ensil ing of non and irradiated alfalfa (Medicago sativa L.) and red clover (Trifolium pratense L.). Methods: Alfalfa and red clover silages were prepared and equally divided into two groups. One group was exposed to γirradiation at a recommended dosage (25 Gky). Therefore, four types of silages were produced: i) nonirradiated alfalfa silage; ii) irradiated alfalfa silage; iii) nonirradiated red clover silage; and iv) irradiated red clover silage. These silages were opened for fermentation quality and nitrogen components analyses after 1, 4, 8, and 30 days, respectively. Results: The γirradiation successfully suppressed microbial activity, indicated by high pH and no apparent increases in fermentation end products in irradiated silages. All nitrogen components, except for peptideN, increased throughout the ensiling process. Proteolysis less occurred in red clover silages compared with alfalfa silages, indicated by smaller (p<0.05) increment in peptideN and free amino acid N (FAAN) during early stage of ensiling. The γirradiation treatment increased (p<0.05) peptideN and FAAN in alfalfa silage at day 1, whereas not in red clover silage; these two nitrogen components were higher (p<0.05) between day 4 and day 30 in nonirradiated silages than the irradiated silages. The ammonia nitrogen and nonprotein nitrogen were highest in nonirradiated alfalfa silage and lowest in irradiated red clover silage after ensiling.
INTRODUCTION
Ensiling is a common method of preserving forage crops after harvest. However, ensiling reduces protein quality compared with the fresh forage due to the occurrence of proteolysis during ensiling. For some ensiled forages, such as alfalfa (Medicago sativa L.), proteolytic losses can be especially high, with degradation of 44% to 87% of the forage protein [1] . The forage protein can be converted into nonprotein N (ammonia, amino acids, and small peptides), which is poorly utilized by ruminant animals, resulting in not only high economic losses to farmers but also nitrogen burdens upon the environment [2] .
Various factors can influence the rate and extent of proteolysis during ensiling [3] . It has generally been accepted that a rapid pH decline plays a crucial role in minimizing protein degradation during ensiling [4] . However, other factors, such as forage species, could also strongly affect the extent of proteolysis during storage. In comparison to alfalfa, red clover (Trifolium pratense L.) shows lower extent of proteolysis, with only 7% to 40% of its protein being degraded during ensiling [5] . The main factor leading to this difference is speculated to relate the presence of natural proteinprotecting mechanism in red clover, i.e. the activity of polyphenol oxidase (PPO) which can catalyze the oxidation of endogenous phenols to quinones. These quinones react with nucleophilic sites on cellular proteins, forming proteinphenol complexes to resist proteolysis or/and inactivate proteases [6] . However, although the fact that PPO reduces proteolysis is well understood [7, 8] , it is unclear how nitrogen components change during ensiling of alfalfa and red clover. Furthermore, it has been suggested that the depressed proteolysis in red clover results from the deactivation of plant proteases due to the action of PPO [9, 10] . However, protein degradation in silo is a process in which both plant and microbial proteases are involved [11] . It has not been understood whether microbial activity can be in fluenced by the presence of PPO.
Irradiation treatment is an approach often used to differ entiate the effects of microbial activity from those of plant enzymes. Many studies have shown that irradiation treatment can effectively sterilize forage while having little effect on plant enzymes [11, 12] . The objectives of this study were to charac terize the dynamics of nitrogen transformations in ensiled alfalfa and red clover, and to investigate the effects of legume species and microbial activities on nitrogen components of silage through γirradiation treatment.
MATERIALS AND METHODS

Ensiling materials
Alfalfa and red clover were cultivated in an experimental field of Nanjing Agricultural University, Nanjing, Jiangsu, China (N31° 14″, E118° 22″). Two forages had similar fertilizer man agement and were harvested at late bud to early bloom on September 8, 2017. The stubble was 10 cm above ground level. Fresh forages were transported to laboratory and wilted for 1 day on a plastic sheet. After that, wilted forages were chopped into a theoretical cutting length of 1 to 2 cm using a forage chopper (F5, XiangLong, Co., Ltd., Linyi, China).
Experiment design and silage preparation
Chopped alfalfa and red clover (approximately 780 g) were packed into silos (polyethylene bottles, 1 L capacity), which were weighed and sealed with plastic caps and adhesive tapes. Silos containing alfalfa or red clover were respectively divided into two groups. One group was sterilized by exposure to γirradiation at 25 kGy for 2 h at room temperature, after filling. Irradiation at this dosage has been previously shown to effectively suppress microbial activity in alfalfa silage [11] . Therefore, four silage treatments were prepared: i) nonirra diated alfalfa silage; ii) irradiated alfalfa silage; iii) nonirradiated red clover silage; and iv) irradiated red clover silage. These silos were stored at ambient temperature (18°C to 22°C) in the laboratory. For each treatment, sixteen silos were prepared and four silos opened after 1, 4, 8, and 30 days of ensiling. At silo opening, the silages were transferred to a plastic box for homogeneous mixing, after which subsamples were taken for chemical and microbial analyses.
Chemical and microbial analyses
The buffering capacity was determined with the fresh forages by the method of Playne and Mcdonald [13] . Approximately 0.5 kg of fresh forage and silage samples were ovendried at 60°C for 48 h to determine dry matter concentration. The dried samples were ground to pass a 1 mm screen in a labora tory knife mill (FW100, Taisite Instrument Co., Ltd., Tianjin, China), and used for analyses of total nitrogen (TN). The TN was determined with the method of Association of Official Analytical Chemists [14] . Crude protein content was calcu lated by a multiplication factor (6.25) from TN.
Thirty five grams of fresh forages and silages were extracted in 70 mL of deionized water at 4°C for 24 h to obtain the cold extract, which was used for determination of silage fer mentation parameters according to the procedures of Chen et al [15] . The pH of the water extract was measured with an electrode pH meter (HANNA pH 211, Hanna Instruments, Padua, Italy). The contents of lactic acid (LA), acetic acid (AA), propionic acid, butyric acid, and ethanol were quantified with the filtrates using a highperformance liquid chromatography (Carbomix HNP5 column, 55°C, 2.5 mM H 2 SO 4 , 0.5 mL/ min) as described as Ding et al [11] . A 10mL aliquot of 25% (w/v) trichloroacetic acid (TCA) was added to 40 mL extract and allowed to stand at room temperature for 1 h to precipi tate the protein. The solution was then centrifuged at 4°C, 18,000×g for 15 min, and the supernatant was analyzed for ammonia nitrogen (NH 3 N) and free amino acid nitrogen (FAAN). PeptideN concentration was determined by the increase in FAAN in the TCA supernatant after digesting with 6 N HCl for 21 h at 105°C, under an N2 atmosphere [16] . Another 10mL aliquot of TCAtreated supernatant was used for the measurement of nonprotein N by the method as described by Licitra et al [17] .
To test the effect of γirradiation treatment on microbial composition and PPO activity, approximately 0.5 kg of the wilted forages were sampled before and after exposing to γirradiation. The lactic acid bacteria (LAB) was counted on de Man, Rogosa and Sharpe agar medium, incubated in an anaerobic incubator at 37°C for 3 days. Yeasts and aero bic bacteria were counted after incubation at 37°C for 2 days. A 0.5g aliquot was sampled before and after γirradiation for PPO activity determination according to the procedures of Winters et al [7] . The BioGel P6DG (Biorad Ltd, Hemel Hempsted, UK) column was used to desalt crude enzyme www.ajas.info extract and one unit of PPO activity was determined as a change of 0.01 in absorbance per min. The PPO activity was expressed per gram of fresh matter of the sample (U/g FM).
Statistical analysis
All results were analyzed using the MIXED procedure of SAS (SAS Enterprise Guide 6, SAS Institute Inc., Cary, NC, USA). Fermentation parameters and nitrogen components of non irradiated and irradiated alfalfa and red clover were compared using the following model:
with S i the effect of ensiling day; A j fixed effect of forage species; T k the fixed effect of γirradiation treatment. Interactions between the effects were tested in the same model. Tukey's multiple comparison was used for the means separation. Significant differences were declared when p<0.05.
RESULTS
Characteristics of the forages
The characteristics of fresh alfalfa and red clover are shown in Table 1 . The chemical compositions did not differ between the two forages.
Effect of γ-irradiation treatment on PPO activity and microbial composition
The PPO activity and microbial composition of the two for ages before and after exposure to γirradiation are presented in Table 2 . As expected, PPO activity was not detected in al falfa, whereas was highly active in red clover (15.6 U/g FM).
Treating γray radiation did not influence (p>0.05) red clover PPO activity. The PPO activity of irradiated red clover was 14.1 U/g FM. The microbial populations including LAB, yeast and aerobic bacteria were suppressed (p<0.05) after γray ra diation treatment.
Effect of γ-irradiation treatment on fermentation parameters
Since one of the objectives was to assess the role of microbial activity in silos, γirradiation was used to inhibit microbial growth. To determine whether microbial activity was sup pressed during ensiling with the γray radiation treatment, fermentation parameters were examined ( Table 3 ). The fer mentation parameters of irradiated silages differed from those of nonirradiated silages. The pH of irradiated silage remained higher than that of control silages and no apparent increases in fermentation end products (LA, AA, and ethanol) during ensiling. In contrast, the nonirradiated silages demonstrated stronger fermentation, with greater declined pH and greater accumulation of fermentation end products throughout the ensiling process.
Nitrogen transformation dynamics in the silage
The nitrogen components concentrations including peptide N, FAAN, NH 3 N and nonprotein nitrogen (NPN) (all on a TN basis) at each ensiling interval are shown in Table 4 . In the four types of silages all nitrogen components concentra tions increased with duration of ensiling except for peptide N, which first increased at the early stage and decreased later.
Forage species affected peptides N concentration in silage, with alfalfa silages showing greater (p<0.05) peptideN com pared with red clover silages at each time frame of ensiling. At day 1 the γray radiation treatment increased (p<0.05) peptideN, whereas not in red clover silage. Similar as peptideN, larger increases of FAAN in alfalfa silages were observed before day 1 compared with red clover silages. Between day 4 and day 30, alfalfa and red clover silages treated with γray radiation exhibited lower FAAN compared with their control counterparts (p<0.05).
The NH 3 N concentrations were affected by forage species and γray radiation treatment. Red clover silage showed lower NH 3 N compared with alfalfa silage throughout the whole ensiling process (p<0.05). Treatment of γray radiation re duced NH 3 N in alfalfa and red clover silages (p<0.05). At the end of ensiling, NH 3 N was highest in control alfalfa si lage and lowest in irradiated red clover silage.
The NPN concentration increased by 5.50 times in alfalfa silage and 4.85 times in red clover silage to the end of tested period. The most rapid increments in NPN were observed during the first day. For the thirtyday silages, γray radiation treatment reduced NPN concentration by 6.74% in alfalfa and by 21.8% in red clover. 
DISCUSSION
The γ-irradiation inhibited microbial activity and showed little damage to plant enzymes To separate the effects of plant and microbial activities on major nitrogen components in silage, several methods have been previously devised. These include the production of microbefree grass grown under asceptic condition [18] , the use of antimicrobial agents such as toluene, chloroform and various antibiotics [19] , and the use of γirradiation [20] . Of these, treatment of γirradiation might be most advisable. Despite some bacterial spores, such as those of clostridia, be ing very resistant to irradiation treatment, the irradiation can easily kill most microorganisms and, if at proper dose, shows no or minor damage to plant enzymes [21] . In the present experiment, the 25 kGy, as suggested by Ding et al [11] , in dicated effective suppression of microbial activity. Butyric acid was undetected in all silages, regardless of irradiation (data not shown). This was likely resulted from a low popu lation of clostridia on the fresh forages. The PPO activity in fresh red clover was not significantly altered after exposing to γirradiation, partly reflecting that the plant enzyme ac tivity was not affected by the γirradiation treatment. Overall, the γirradiation treatment effectively suppressed microbial activity and showed little effect on plant enzyme activity. The treatment in this study provided a satisfactory mode which would allow the investigation of effects of plant and microbial activities on nitrogen components of alfalfa and red clover silages, despite causing some small changes in chemical composition of the forages.
Nitrogen transformation dynamics in the silage
Degradation of plant protein during ensiling is inevitable and results in the transformation of true protein into NPN of low poor nutritive value [22] . Two known steps are involved in the process of protein transformation: Firstly, peptides bond hydrolysis (proteolysis) occurs, resulting in the formation of free amino acid and peptides. Secondly, amino acids are further degraded into a range of end products, including am monia, organic acids, and amines. Plant protease is mainly responsible for transformation of the true protein to free amino acids and peptides, and further amino acid metabo lism is the result of microbial protease [23] .
As a direct indicator of hydrolysis, peptides are formed by proteolysis and further degraded by deamination and decar boxylation activities by microorganisms. Compared with alfalfa silage, red clover silage, regardless of irradiation, exhib ited lower peptideN during early stages of ensiling, suggesting that less proteolysis occurred. This lower extent of protein breakdown was supposed to result from deactivation of plant proteases due to the action of PPO [10] . It has been proposed that the mechanism of PPOreduced proteolysis is related with the generation of oquinones that react with nucleophilic sites on cellular proteins, reforming as a phenol covalently bound to protein. Proteases including carboxypeptidase, aminopepti dase and acid proteinase activities in red clover were thus lower compared with those in nonPPO containing forages, such as alfalfa [24] . Also, a reduction in general protein solubility through proteinphenol binding has been shown to decrease the accessibility of forage proteins to proteases, which were demonstrated to reduce protein breakdown during ensiling [25] . The γirradiation treatment increased peptideN in alfalfa silage at the initial stage of ensiling, which might be attributed to the absence of microbial fermentation, result ing in a favorable pH for plant protease, thereby increasing the extent of proteolysis. However, the increase of peptideN was not observed in the irradiated red clover silage. This could be explained by the low plant protease activity that was unable to cause a larger extent of proteolysis even under a favorable silage pH. Several studies have previously shown that peptide N first increased and then decreased thereafter at later stages of ensiling [22, 24] . They ascribed the decreased peptideN to the deamination and decarboxylation activities by micro organisms at later stages of ensiling. In the present study, silages treated with γirradiation also showed decreases in peptideN after the highest point. This was particularly evident in irradiated alfalfa silage, indicating that plant enzyme and microbial activities both contributed to the further degrada tion of peptides.
The dynamics of peptide and FAA during the ensiling pro cess are highly related, since they are both hydrolysis products of true protein [24] . Similar as peptide, FAA can be consumed by microorganisms as substrates for deamination to produce NH 3 ; its content is largely dependent on the relative activity between hydrolysis and deamination [22] . Compared with their irradiated counterparts, nonirradiated alfalfa and red clover silages showed higher FAAN between day 4 and day 30. The production of more FAAN might be attributed to the increasing microbial protease activity which replaced the dominant activity of plant protease at later stages of ensiling. This is in agreement with previous studies [26, 27] .
As one product of further amino acids breakdown, am monia is formed from microbial activity, rather than from plant enzymes [26] . Ammonia can be an indicator to estimate the microbial activity in silage. In this study, red clover silage showed lower ammonia compared with alfalfa silage during the whole ensiling process. This was likely because weak pro teolysis in red clover resulted in less FAA substrates available for microbial deamination [28] . Due to the suppressed mi crobial activity, the γirradiated silages also exhibited lower ammonia than their nonirradiated counterparts. There was no interaction between forage species and γirradiation on ammonia concentration, reflecting that the effect of the pres ence of PPO on microbial activity during ensiling was minor.
